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Abstract 
 
Atomic layer deposition was used to grow Al2O3, TiO2 and ZrO2 thin films. The 
mechanism of film growth was studied with a quadrupole mass spectrometer (QMS) 
and a quartz crystal microbalance (QCM). A brief literature review on the ALD 
growth of binary oxides and on in situ studies on selected oxide processes is presented 
as background. 
 
The effect of water dose on the growth of Al2O3, TiO2, ZrO2 and Ta2O5 was studied. 
The increased water dose increased the growth rate in all cases. According to the 
analysis data, it did not seem to affect the film properties. 
 
Al2O3 and TiO2 films were deposited for corrosion protection studies. Although ALD 
grown Al2O3 is amorphous and there should not be any pinholes, it did not work as a 
protective coating against corrosive media. TiO2 films are crystalline, and the 
corrosive media was able to penetrate through the coating and cause corrosion of the 
underlying substrate. The good characteristics of both materials were combined as  
Al2O3 – TiO2 multilayer structures, which resisted corrosion better than the single 
oxides. 
 
The reaction mechanism studies on Me2AlCl–D2O and TiCl4–D2O ALD processes 
were carried out using a combination of QMS and QCM integrated to the ALD 
reactor. QMS gives information about the gaseous products formed in the surface 
reactions involved in the film growth. QCM, in turn, monitors changes in the film 
mass. 
 
ZrO2 films were deposited using water and new alkoxide precursors: Zr(dmae)4, 
Zr(dmae)2(OtBu)2 and Zr(dmae)2(OiPr)2. The reaction mechanism was studied using 
QMS–QCM. The precursors seem to decompose, so the growth can not be regarded as 
ideal ALD. 
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1. Introduction 
 
Atomic layer deposition (ALD), previously called atomic layer epitaxy (ALE), is a 
unique method for depositing high quality thin films1–4. The characteristic feature of 
ALD distinguishing it from the closely related CVD technique is the alternate supply 
of gaseous precursors on the substrate. In ALD, the reactants are pulsed onto the 
substrates one at a time. Between the reactant pulses, excess reactants and reaction by-
products are purged out or evacuated. The experimental parameters, i.e. substrate 
temperature, reactant pressures and their exposure times, and the lengths of the 
purging periods, are adjusted in a way that all the surface reactions are saturative and 
purging steps are complete, removing all the other precursor molecules except those 
which have chemisorbed or undergone exchange reactions with the surface groups. 
Under these conditions, the film growth is self-limiting which ensures that uniform 
films with excellent conformality can be deposited even onto complex-shaped large-
area substrates, and that film thicknesses can be controlled accurately simply by the 
number of reaction cycles repeated. The major limitation of ALD is its slowness; 
growth rates of only 100 – 300 nm/h are typically achieved. However, this problem is 
compensated to some extent by the excellent large-area/large-batch capability of 
ALD, which makes it possible to achieve competitive productivities. 
 
ALD was originally invented for depositing polycrystalline and amorphous thin films 
for electroluminescent (EL) displays5 and it is still used for their production. The use 
of ALD has been examined and demonstrated also in other applications which have 
been recently described in reviews focusing on different areas: nanotechnology6, 
electronic and optoelectronic materials7 and catalysts8. Recently, ALD has been 
widely studied for silicon-based microelectronics.9 Dielectric metal oxides — or high-
k oxides as they are called due to their high permittivity — have been in key role. 
Research groups all over the world have been searching for a material to replace SiO2 
in integrated circuits. Other applications in integrated circuits include DRAM 
capacitors, metal barriers and gate metals. It is also likely that ALD finds applications 
in other areas, such as magnetic recording heads, optics, protective coatings, and 
micro-electromechanical systems, but more research is still needed until those goals 
are achieved. 
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This thesis is focused on two areas: ALD film growth, and in situ reaction mechanism 
studies using a quartz crystal microbalance (QCM) and a quadrupole mass 
spectrometer (QMS). It concentrates on three materials: Al2O3I-III TiO2I,II,IV and 
ZrO2I,V,VI, but other oxidesI are also discussed briefly. The effect of increased water 
dose on the growth rate of Al2O3 and several other oxides is discussed.I Al2O3 and 
TiO2 were studied as protective coatings against corrosion.II New aminoalkoxide Zr 
precursors were tested for the growth of ZrO2.V,VI The in situ studies comprise the 
Al2O3III, TiO2IV and ZrO2VI processes.  
 
2. ALD of Binary Dielectric Oxide Films 
 
This chapter presents a short retrospective review on ALD of binary dielectric oxides. 
The dielectric oxide films deposited by ALD are summarised in Table 1. The growth 
process and characteristics of the film materials relevant to this study, namely Al2O3, 
TiO2 and ZrO2, are presented in more detail in Tables 2, 3 and 4. 
 
Table 1. Binary dielectric oxide materials deposited by ALD 
Film Material Metal Source Oxygen Source 
 
Al2O3 
 
AlCl310-16  Me3Al16-27  Me2AlCl28  
Al(OEt)313 Al(OPr)313 Me2Al(OiPr)29 
 
H2O12-14,17-20,28-29  H2O221-25  
O210-11,13  O326 MeOH13  
tBuOH13,15  BuOH13  
Glycol13  N2O25  iPrOH27  
Al(OEt)316  Al(OiPr)316 
 
TiO2 
 
TiCl430-33  TiI434-37  Ti(OMe)438 
Ti(OEt)441  Ti(OiPr)439-40 
 
H2O30-31,38-41  H2O232-35  
O236-37  
 
ZrO2 
 
ZrCl442-43  ZrI444  Zr(OtBu)445-46  
Zr(dmae)4VI  Zr(dmae)2(OtBu)2V,VI  
Zr(dmae)2(OiPr)2VI  Zr(acac)449  
Zr(thd)447  Zr(tbaoac)449  CpZrMe247-
48
 CpZrCl247  Zr(NMe2)450  
Zr(NEt2)450   Zr(NMeEt)450  
ZrCl2[N(SiMe3)2]251  
 
H2O42-45,48,50-51,V,VI  
H2O243-44  O246,49  O347  
 
HfO2 
 
HfCl452  HfI458-60  Hf(OtBu)461-62  
Hf(mmp)453  Hf(OtBu)2(mmp)254  
Hf(ONEt2)457  Hf(NMe2)450  
Hf(NEt2)450  Hf(NMeEt)450,56  
Hf(NO3)455 
 
H2O50,52-58  H2O258 O259-61  
O362 
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Table 1. continued Binary dielectric oxide materials deposited by ALD 
Film Material Metal Source Oxygen Source 
 
Ta2O5 
 
TaCl563-67  TaI568-69  Ta(OEt)570  
Ta(NMe2)571  Ta(NEt)(NEt2)371 
 
H2O63-66,68, 70-71  H2O268  O269  
Ta(OEt)567 
 
Nb2O5 
 
Nb(OEt)596 
 
H2O96 
 
SiO2 
 
SiCl472-77  Si2Cl678  Si(NCO)479-80  
CH3OSi(NCO)381 
 
H2O72-74,79 H2O280-81   
H2O(pyridine catalysed)75-
76,78
  H2O(NH3 catalysed)77   
 
Sc2O3 
 
Sc(thd)391 
 
O391 
 
Y2O3 
 
Y(thd)385-86  Y(thd)3(bipyridyl)86  
Y(thd)3(1,10-phenantroline)86  Cp3Y87 
(CpCH3)3Y87 
 
O285 O385-86  H2O87 
 
La2O3 
 
La(thd)382-83  
[La(iPr)NC(CH3)N(iPr)]84 
 
O382-83  H2O84 
 
CeO2 
 
Ce(thd)488-89  
Ce(thd)3(1,10-phenantroline)89 
 
O388-89 
 
Nd2O3 
 
Nd(thd)392 
 
O392 
 
Sm2O3 
 
Sm(thd)394 
 
O394 
 
Eu2O3 
 
Eu(thd)394 
 
O394 
 
Gd2O3 
 
Gd(thd)394 
 
O394 
 
Dy2O3 
 
Dy(thd)394 
 
O394 
 
Ho2O3 
 
Ho(thd)394 
 
O394 
 
Er2O3 
 
Er(thd)390,94 
 
O390,94 
 
Tm2O3 
 
Tm(thd)394 
 
O394 
 
Lu2O3 
 
{[C5H4(SiMe3)]2LuCl}293 
 
H2O93 
 
MgO 
 
Mg(thd)4100  [Mg2(thd)4]97  MgEt298-99 
 
H2O97-99  O3100 
 
V2O5 
 
VO(OiPr)395 
 
H2O95 
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2.1 Film Growth 
 
2.1.1 Aluminium Oxide, Al2O3 
 
Al2O3 was among the first materials grown by ALD101, selected ALD processes are 
presented in Table 2. Aluminium chloride has been used as the aluminium source with 
the following oxygen sources: H2O12–14, O210–11,13 and several alcohols13,15. The 
growth rate depends on the reactor design, deposition temperature (100 – 800 ºC) and 
the oxygen source, it may also depend on the substrate material. It has typically been 
about 0.4 – 0.9 Å/cycle.10,13–14  
 
Perhaps the most studied aluminium precursor is trimethylaluminium. It was first 
introduced by Higashi and Fleming17 and has later on been studied by a number of 
groups using various oxygen sources: H2O17–20,24,I, H2O221,23,25, N2O25, iPrOH27 and 
O326. The highest growth rate obtained with the Me3Al – H2O process is about 1.2 
Å/cycle. The growth rate obtained with H2O2 is of the same order. When iPrOH27 or 
O326 were used as the oxygen source, the growth rate decreased to about 0.80 and 0.85 
Å/cycle, respectively.   
 
The above listed growth rates have been obtained at temperatures from 150 to 450 ºC. 
Recently, deposition of Al2O3 using Me3Al and H2O at temperatures as low as 33 ºC 
was reported.102 The highest growth rates 1.33 Å/cycle were obtained at 100 – 125 ºC. 
 
Dimethylaluminium chloride has been studied with water at 125 – 500 ºC.28 The 
highest growth rate was 0.8 Å/cycle at 180 – 250 ºC. Another group has studied 
dimethylaluminium isopropoxide and water at 90 – 270 ºC obtaining a growth rate of 
1.03 Å/cycle.29 
 
Ritala et al.16 have presented a new ALD process, where both precursors contain the 
same metal, hence both precursor pulses deposit metal into the films. The highest 
growth rate, 1.3 Å/cycle, was obtained for the Me3Al – Al(OiPr)3 process. 
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Table 2. Selected ALD processes for the deposition of Al2O3  
Precursors/ 
Substrate 
Deposition 
Temperature 
(ºC) 
Growth rate 
(Å/cycle) 
Crystallinity Detected 
impurities 
(Method) 
Refractive 
index 
Ref. 
AlCl3-H2O 
on glass and 
quartz 
100 – 470  0.6 at 470 ºC  amorphous not reported 1.71 
at 470 ºC 
12 
AlCl3-tBuOH 
on glass 
250 – 500  0.45 
at 500 ºC 
amorphous Cl (XRF, 
chemical 
analysis) 
not reported 15 
AlCl3-H2O, 
O2, alcohols 
250 – 500 0.5 – 1.3 amorphous not detected 
(Auger) 
not reported 13 
AlCl3-H2O 
on glass 
500  0.4 amorphous not reported 1.70 14 
Me3Al-H2O 
on Si 
100 – 500  
 
1.1 amorphous not reported 1.65 – 1.70 17 
Me3Al -H2O 
Si 
150 – 450  1.1 amorphous not reported 1.65 18 
 
Me3Al -H2O 
on Si 
250 – 400  1.0 amorphous H, C (SIMS) 1.64 – 1.68 19 
Me3Al -H2O 
on Si 
33 – 177  1.25 amorphous H (FReS) 1.51 – 1.61 102 
Me3Al -H2O2 
on various 
materials 
150  1.13 amorphous C not 
detected 
(XPS) 
1.61 21 
Me3Al -iPrOH 
on Si 
250  0.8 amorphous C (SIMS, 
XPS) 
not reported 27 
Me3Al -O3 
on Si 
350 – 400  0.85 amorphous C (AES) not reported 26 
Me2AlCl-H2O 
on glass 
125 – 500  0.8 amorphous H, C, Cl 
(TOF-
ERDA) 
1.59 – 1.68 28 
Me2Al(OiPr) – 
H2O 
on Si 
100 – 270  1.06 amorphous not detected 
(RBS) 
not reported 29 
AlCl3-
Al(OEt)3 
on Si 
400 0.7 amorphous C, H, Cl 
(TOF-
ERDA) 
not reported 16 
AlCl3- 
Al(OiPr)3 
on Si 
300 0.8 amorphous C, H, Cl 
(TOF-
ERDA) 
not reported 16 
Me3Al -
Al(OiPr)3 
on Si 
300 1.3 amorphous C, H (TOF-
ERDA) 
not reported 16 
 
The Al2O3 ALD films are amorphous as determined by XRD. The refractive index of 
a good quality film is usually 1.65 – 1.70.14,17,19 The dielectric constant of Al2O3 films 
is relatively high: 7 – 9.3 The films are not free of impurities. AlCl3 leaves a chlorine 
residue, which usually decreases with increasing deposition temperature. Carbon and 
hydrogen are left in the films as impurities when Me3Al is used as the Al precursor. 
Again, the amounts depend on the growth temperature, for example, Groner et al.102 
have reported 21.7 – 6.9 at.% of hydrogen detected in films grown at 33 – 177 ºC. The 
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amounts of carbon are reported to be lower than hydrogen, usually less than 1 at.%, 
especially at the higher growth temperatures.14,19,26     
 
2.1.2 Titanium Dioxide, TiO2 
 
TiO2 has been grown using halides and alkoxides as the metal source. H2O30–31,103,I,II 
and H2O232–33 have been used as the oxygen source with TiCl4. The highest growth 
rates obtained were 0.5631 and 0.6533 Å/cycle for H2O and H2O2, respectively. The 
films were grown at temperatures 150 – 600 ºC. TiI4 has been thoroughly studied 
using H2O234-35 and O236–37 as the oxygen source. The growth rate for the TiI4–H2O2 
process was about the same as for the corresponding chloride: 0.64 Å/cycle. The films 
were grown at temperatures 250 – 490 ºC. The highest growth rate for the process 
using oxygen was 2.0 Å/cycle at 457 ºC. 
 
Titanium alkoxides have also been used. The thermally most stable one is Ti(OMe)4, 
the highest growth rates have been obtained with the methoxide. At 300 ºC, for 
example, the growth rates are about 0.5, 0.4 and 0.3 Å/cycle for Ti(OMe)438, 
Ti(OEt)441 and Ti(OiPr)440, respectively. The growth rate has been increased to 0.6 
Å/cycle for both ethoxide and isopropoxide by using a larger water dose than what 
was used in Refs. 38 and 41.I 
 
The TiO2 films are crystalline and have either anatase or rutile structure usually 
depending on the deposition temperature.31,34,II The refractive index of these films is 
high, around 2.5.31,36,38,40–41 A chlorine residue  of about 2 at.% has been reported for 
the films grown at 150 ºC from TiCl4; it decreased with increasing temperature being 
below the detection limit of RBS in the films grown at 500 ºC.31 The films deposited 
using TiI4 were essentially iodine free34, except for the low deposition temperatures, 
where an iodine residue of about 0.2 at.% was left in the films.36 The Ti alkoxide 
precursors leave hydrogen and carbon in the films, the carbon has been reported to be 
situated mostly on the film surface and in the substrate–film interface.41 The hydrogen 
is in the bulk of the film and, again, the amount decreases as the deposition 
temperature is elevated.38  
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Table 3. Selected ALD processes for the deposition of TiO2  
Precursors/ 
Substrate 
Deposition 
Temperature 
(ºC) 
Growth 
rate 
(Å/cycle) 
Crystallinity Detected 
impurities 
Refractive 
index 
Ref. 
TiCl4-H2O 
on glass, 
borosilicate 
150 – 600  0.56 anatase, rutile Cl (RBS) 2.4 – 2.6 31 
TiCl4-H2O2 
on Si 
340 – 490  0.65 anatase not reported 2.6 33 
TiI4-H2O2 
on glass, Si 
250 – 490  0.6 anatase, rutile H (TOF-
ERDA) 
2.70 – 2.75 34 
TiI4-O2 
on Si 
230 – 460  1.0; 2.0 
at 457 ºC 
anatase, rutile I (XPS) 2.2 – 2.5 36 
Ti(OiEt)4-
H2O 
on glass 
150 – 400  0.35 anatase H, C (XPS, 
NRA) 
2.5 41 
Ti(OiPr)4-
H2O 
on glass 
150 – 350  0.3 anatase H (NRA) 2.5 40 
Ti(OMe)4-
H2O 
 
200 – 400  0.65 anatase H, C (TOF-
ERDA) 
2.5 38 
 
 
2.1.3 Zirconium Dioxide, ZrO2 
 
Ritala et al.42 were the first to grow ZrO2 by ALD from ZrCl4 and H2O. The growth 
rate obtained at 500 ºC was 0.53 Å/cycle. This was increased to 0.75 Å/cycle with a 
larger water dose than in Ref. 42.I Recently films grown with this process have been 
thoroughly studied by several groups.104–109 In the case of ZrI4, H2O2 was used as the 
oxygen source.44 The films were grown at 250 – 500 ºC and the highest growth rate 
(1.25 Å/cycle) was achieved already at 275 ºC. 
 
Several organometallic and metal organic compounds have been used as the metal 
precursor. Thin films from Zr(OtBu)4 have been grown using H2O45 and O246. 
Saturative growth could not be achieved because of thermal decomposition of 
Zr(OtBu)4: the growth rate increased with increasing Zr precursor pulse length. In an 
attempt to stabilise the compound, a donor-functionalised ligand, 
dimethylaminoalkoxide, has been added and films were grown from 
Zr(OtBu)2(dmae)2V,VI, Zr(OiPr)2(dmae)2 and Zr(dmae)4VI and water. Thermal 
decomposition was still observed during the ALD growth.  
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Ozone has successfully been used as an oxygen source also in the case of ZrO2. It has 
been used with Zr(thd)4, Cp2Zr(Me)2 and Cp2ZrCl2.47 The growth rate was very 
moderate for the β-diketonate: 0.24 Å/cycle at 375 ºC, at higher temperatures thermal 
decomposition caused thickness nonuniformity. The cyclopentadienyl complexes also 
started to decompose at temperatures above 350 ºC. Below that temperature a constant 
growth rate of 0.55 and 0.53 Å/cycle was obtained for Cp2Zr(Me)2 and Cp2ZrCl2, 
respectively. Cp2Zr(Me)2 has also been used with H2O, but in that case the growth 
rate was lower: 0.43 Å/cycle.48 
 
ZrO2 has been grown at 50 – 500 ºC using zirconium alkylamides and water with 
good growth rate: 0.96 Å/cycle.50 The films were smooth and conformal. 
 
The ZrO2 films were crystalline with a dielectric constant of 203. The refractive index 
was quite high, about 2.2 for the films grown using ZrCl4. These films contained some 
hydrogen, about 0.4 at.%, while the chlorine content was below the detection limit of  
 
RBS, i.e. it was below 0.5 at.%.42 A deposition temperature dependent iodine residue 
was found in the films grown using ZrI4, 1.3 – 0.8 at.% for temperature range 250 – 
350 ºC.44 A substantial amount of  hydrogen and carbon impurities has been detected 
in the films grown using Zr alkoxides45 and Zr aminoalkoxidesV,VI, for example, about 
23 at.% of hydrogen and 6 at.% of carbon was detected in the films grown from 
Zr(OtBu)4 at 175 ºC.45 Less impurities have been observed in the films grown from 
Zr(thd)4: only 0.2 and 0.3 at.% of carbon and hydrogen, respectively.47 The 
cyclopentadienyl complexes47–48 also yield smaller impurity amounts in the films than 
the alkoxides. For example, Cp2ZrMe2 leaves only about a 0.5-at.% carbon and 
hydrogen residue.47  The films grown from aminoalkyls are reported to contain less 
than 1 at.% of carbon and about 0.25 at.% nitrogen as impurities.50  
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Table 4. Selected ALD processes for the deposition of ZrO2 
Precursors/ 
Substrate 
Deposition 
Temperature 
(ºC) 
Growth 
rate 
(Å/cycle) 
Crystallinity Detected 
impurities 
Refractive 
index 
Ref. 
ZrCl4-H2O 
on glass 
500 0.53 nearly 
amorphous 
Cl not 
detected 
(RBS), 
H (NRA) 
2.2 42 
ZrCl4-H2O2  
on Si, silica 
180 – 600 1.35 cubic, 
tetragonal, 
monoclinic 
Cl 
(EPMA) 
2.05 43 
ZrI4-H2O2 
on Si, quartz 
250 – 500  1.25 cubic, 
tetragonal, 
monoclinic 
I (XPS) 2.05 – 2.25 44 
Zr(OtBu)4-H2O 
on glass, borosilicate 
150 – 300  0 – 1.9 nanocrystalline H, C  
(TOF-
ERDA) 
1.9 45 
Zr(dmae)2(OtBu)4-
H2O 
on glass, borosilicate 
190 – 340  0.58 – 1.32 nanocrystalline H, C, N 
(TOF-
ERDA) 
2.08 V,VI 
Zr(dmae)2(OiPr)4-H2O 
on glass, borosilicate 
190 – 340 0.70 – 1.48 nanocrystalline H, C, N 
(TOF-
ERDA) 
2.07 VI 
Zr(dmae)4-H2O 
on glass, borosilicate 
190 – 340 0.58 – 1.08 nanocrystalline H, C, N 
(TOF-
ERDA) 
2.00 VI 
Zr(thd)4-O3 
on glass 
275 – 500  0.24 weakly 
crystalline 
H, C, F 
(TOF-
ERDA) 
not 
reported 
47 
Cp2ZrMe2-O3 
on glass 
250 – 500  0.55 weakly 
crystalline 
H, C, F 
(TOF-
ERDA) 
not 
reported 
47 
Cp2ZrCl2-O3 
on glass 
200 – 500  0.53 weakly 
crystalline 
H, C, F 
(TOF-
ERDA) 
not 
reported 
47 
Cp2ZrMe2-H2O 
on Si 
200 – 500  0.43 polycrystalline H, C 
(TOF-
ERDA) 
not 
reported 
48 
Zr(NMe2)4-H2O 
Zr(NMeEt)4-H2O 
Zr(NEt2)4-H2O 
on Si 
50 – 500  0.96 not reported N, C 
(RBS) 
2.10 50 
ZrCl2[N(SiMe3)2]2 –
H2O 
150 – 350 1.6 amorphous Si (RBS) 1.6-1.7 51 
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2.2. In situ Studies on ALD Dielectric Oxide Processes 
 
Table 5 summarises the in situ reaction mechanism studies conducted on ALD 
dielectric oxide processes using QCM or/and QMS. Reaction mechanism studies 
carried out on selected Al2O3, TiO2 and ZrO2 growth processes are discussed in more 
detail, except for Me3Al–H2O and TiCl4–H2O which are discussed in chapters 4.1.1 
and 4.2.4, respectively. 
 
The in situ characterisation methods that can be applied to follow the growth process 
in flow-type ALD reactors, which are industrially the most important ones and have 
been in use also in this thesis, can be divided to optical methods, microgravimetric 
methods and mass spectrometry. The optical methods that have been applied are 
fourier transform infrared (FTIR) spectroscopy72,110 and incremental dielectric 
reflection (IDR)111–115. FTIR has been used to study Me3Al–H2O72,110 and SiCl4–
H2O72 processes and IDR to study TiCl4–H2O process. 
 
The optical methods give information about the surface. Another method which 
characterises the surface during the film growth is quartz crystal microbalance 
(QCM). It has been quite widely used to study ALD film growth in situ; selected 
publications are presented in Table 5.  
 
Mass spectrometry is the method with which information about the species and 
reaction products in gas phase can be obtained. The QMS data reveal the gaseous 
products released in the surface reactions. By combining the QMS measurements with 
QCM , it is possible to study both the amount of material deposited on the surface and 
the gaseous reaction by-products. Selected studies where QMS has been utilized in the 
in situ characterisation of ALD processes are presented in Table 5.   
 
Ti(OEt)4–H2O process has been studied with QCM126 and with QCM–QMS 
combination127. The growth has been suggested to proceed via ligand exchange 
reactions where the main reaction by-product is EtOH.41 This can be described by 
Reactions 1 and 2 where s denotes a surface species. 
 
–OH (s) + Ti(OEt)4 (g) → (–O–)Ti(OEt)3 (s) + EtOH (g)   (1) 
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(–O–)Ti(OEt)3 (s) + 2 H2O (g) → (–O–)2Ti(OH) (s) + 3 EtOH (g)  (2) 
 
In the first step (1), the incoming Ti(OEt)4 reacts with the OH groups on the surface 
and part of the –OEt ligands are released as EtOH. In the second step (2), the 
subsequent water pulse releases the rest of the ligands and the surface becomes OH 
terminated again. 
 
The QCM study126 revealed that at 225 – 250 ºC less than one ligand was released 
during the Ti(OEt)4 adsorption. The QMS results127, in turn, showed that most of the 
ligands were released during the water pulse, which suggested that the film would 
grow via molecular adsorption of Ti(OEt)4 (Reactions 3 and 4). 
 
Ti(OEt)4 (g) → Ti(OEt)4 (s)        (3) 
Ti(OEt)4 (s) + 2 H2O (g) → TiO2 (s) + 4 EtOH (g)    (4) 
 
This perhaps is not the whole truth though, since it was also shown that the ethanol 
produced in reaction (1) could adsorb back onto the surface and then be released 
during the following water pulse. This increases the amount of ethanol released during 
the water pulse and complicates the interpretation of the QMS data.  
 
Ti(OiPr)4 – H2O ALD process has been studied in situ with QCM128 and QCM–QMS 
combination129. It was observed that about half of the isopropoxo ligands are released 
during the Ti(OiPr)4 pulse and the other half during the water pulse.129 The growth 
could be described with the mechanism presented in Reactions 5 and 6. 
 
2 –OH (s) + Ti(OiPr)4 (g) → (–O–)2Ti(OiPr)2 (s) + 2 iPrOH (g)  (5) 
(–O–)2Ti(OiPr)2 (s) + 2 H2O (g) → (–O–)2Ti(OH)2 (s) + 2 iPrOH (g) (6) 
 
The incoming Ti(OiPr)4 reacts with two OH groups at temperatures 150 – 275 ºC, at 
temperatures above that the dehydroxylation of the surface begins to affect the 
mechanism which starts to approach the one where only a single isopropoxide ligand 
is released during the titanium precursor pulse. (c.f. Reactions 1 and 2) 
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Table 5. Selected ALD processes studied in situ.  
D2O has been in use instead of H2O in the case of QMS studies. 
Material Process Method 
Al2O3 AlCl3 + H2O QCM 116 
 Me3Al + H2O/D2O QMS 117–118 
QCM+QMS 119 
QCM 120 
 Me3Al + H2O2 QCM 22 
TiO2 TiCl4 + H2O/ D2O QCM 121–123 
QCM + QMS IV 
 TiI4 + H2O2 QCM 36,124–125 
 Ti(OEt)4 + H2O/ D2O QCM 126 
QMS 127 
 Ti(OiPr)4 + H2O/ D2O QMS 117 
QCM 128 
QCM + QMS 129 
ZrO2 ZrCl4 + H2O/ D2O QCM 43 
QCM + QMS 130 
 ZrI4 + H2O QCM 44 
Ta2O5 TaCl5 + H2O QCM 64,131–133 
 TaI5 + H2O QCM 68 
 Ta(OEt)5 + H2O/ D2O QCM 134 
QMS 117,127 
HfO2 HfCl4 + H2O QCM 135 
 HfI4 + H2O QCM 136 
Nb2O5 Nb(OEt)5 + D2O QMS 117,127 
V2O5 VO(OiPr)3 + H2O QCM 99 
 
 
ZiCl4 – H2O process has been studied with QCM43 and QCM–QMS130. The growth 
mechanism is presented in Reactions 7 and 8. 
 
2 –OH (s) + ZrCl4 (g) → (–O–)2ZrCl2 (s) + 2 HCl (g)   (7) 
(–O–)2ZrCl2 (s) + 2 H2O (g) → (–O–)2Zr(OH)2 (s) + 2 HCl (g)  (8) 
  
At temperatures of 250 – 375 ºC two ligands are released during the adsorption of the 
zirconium precursor, while at temperatures above that the decreasing OH coverage of 
the surface begins to influence the mechanism and less ligands are released during the 
ZrCl4 pulse.130 
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3. Experimental 
 
3.1 Film Growth 
 
A commercial F-120 flow-type reactor manufactured by ASM Microchemistry Ltd.2 
was used in the film growth experiments. The reactor pressure during the deposition 
was about 10 mbar. Nitrogen (99.999%) was used as a carrier and purging gas.  The 
films were grown on 5 × 5 cm2 substrates, either soda lime or borosilicate glass, or 
stainless steel (for the corrosion studies).  
 
Depending on their vapour pressure the precursors were evaporated either from 
external or internal sources. The pulsing of reactants was accomplished by solenoid 
valves; needle valves were used to control the dose of some of the externally 
evaporated sources.  
 
3.2 Film Characterisation 
 
The thickness and refractive index of the films were evaluated by fitting transmittance 
spectra according to Ylilammi and Ranta-aho.137 The thickness of the films on 
stainless steel was determined from the maxima and minima of the reflectance spectra 
using the optical parameters evaluated for the corresponding films on glass, i.e. those 
deposited in the same process. The spectra were measured with a Hitachi U-2000 
spectrophotometer. The refractive indices are given for λ=580 nm. The crystal 
structure and orientation of the films were studied with a Philips MPD 1880 powder 
XRD diffractometer using Cu Kα radiation. The chemical composition of the films 
was studied by time-of-flight elastic-recoil-detection analysis (TOF-ERDA)138 and 
nuclear resonance broadening (NRB)139.  
 
3.3. Reaction Mechanism Studies 
 
The in situ studies were carried out in a set-up comprising a QMS and a QCM 
integrated to a specially modified F-120 reactor (Fig. 1) equipped with an enlarged 
reaction chamber. The pressure in the ALD reaction chamber was about 2 mbar, the 
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pressure reduction from the reactor to the QMS chamber was accomplished through 
an orifice (20 – 200 µm of diameter). The gas composition was measured with a 
Hiden HAL/3F 501 RC QMS, which has a mass range of 1 – 510 amu. A Faraday cup 
detector was used; the ionisation energy was 70 eV. The mass balance studies were 
made using a Maxtek TM 400 QCM. The operating frequency of the crystal was 6 
MHz; the sampling rate was 20 times per second. The reaction chamber was filled 
with glass substrates, the total surface area being about 3500 cm2 to maximise the 
amount of reaction by-products. D2O was used as the oxygen source instead of H2O to 
better distinguish the reaction by-products from the species formed in the ionisator. 
 
 
 
 
Figure 1. A schematic view of the reactor used in the reaction mechanism studies. The 
precursors are transported with the carrier gas to the reaction chamber from the right and are 
pumped by the mechanical pump. A small part of the total flow is pumped by the 
turbomolecular pump through the sampling orifice and the QMS chamber. 
 
QMS data Figure 2a shows how the data recorded by the QMS typically looks like. 
As can be seen, weak signals are often observed even when no exchange reactions 
should take place, i.e. when only one precursor is repeatedly pulsed. This 
phenomenon can not be explained thoroughly but several reasons have been 
suggested140: possible rearrangement reactions during ionisation, condensation of the 
metal precursor to the cooler end of the reactor tube behind the QMS, or pressure 
change during the precursor pulse which could affect the observed signal. This 
background signal is subtracted from the signal observed for the same precursor 
during the ALD process. 
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Figure 2. a) Data recorded with the QMS during the whole pulsing sequence used in studying 
the Me2AlCl–D2O process. b) Data recorded with the QCM during two complete ALD cycles 
of the TiCl4–D2O process. 
 
QCM data A part of the QCM signal recorded during an ALD process is presented in 
Figure 2b. During the metal precursor pulse the weight increases because of the 
adsorption of –MLx-n species. This mass increment during the metal precursor pulse is 
marked with m1. The water pulse causes a decrease in the weight as the –L ligands are 
replaced by lighter –OH groups or oxide ions. The mass increment after a complete 
ALD cycle is marked with m0 and it is directly related to the growth rate. Because an 
oxide MOy is deposited, m0 corresponds to the molar mass of MOy, while m1 
corresponds to the adsorbate MLx-n formed during the metal pulse. Therefore, the ratio 
of these adsorbates can be used to calculate how many ligands are released during the 
metal precursor and water pulses:  
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In Equation 9, M denotes metal, L is a ligand bound to the metal and M(i) is the molar 
mass of the species i and n is the number of ligands released during the metal 
precursor pulse: 
 
n –OH (s) + MLx (g) → (–O–)nMLx-n (s) + n HL (g)    (10) 
 
(according to Rahtu PhD thesis140) 
 
The n value can be calculated also from the QMS data as follows: the amount of 
reaction by-product HL released during the metal precursor pulse is divided by the 
total amount of the same by-product (the amount released during the metal precursor 
pulse plus the amount released during the water pulse) and then multiplied by the total 
number of ligands attached to the metal (x). 
 
4. Results and Discussion 
 
4.1 Effect of Water Dose on the ALD Growth Rate [I] 
 
Background As presented previously, ALD is based on alternate saturative surface 
reactions. The incoming precursor molecules chemisorb or react with surface groups 
and saturation of the surface is reached only when all the reactive sites are used. In an 
ideal case, a monolayer is formed after each precursor pulse. However, often the 
deposition rate is less than a monolayer because of limited density of the surface 
groups or sterical reasons. These factors often depend on deposition temperature. 
 
In the ALD growth of oxide films using water as the oxygen source, the important 
surface sites are hydroxyl groups.18,141–142 The film growth starts with the incoming 
metal precursor reacting with the OH covered surface. 
 
x –OH (s) + MLn (g) → (–O–)xMLn-x (s) + xHL (g)    (11) 
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The subsequent water pulse reacts then with the remaining ligands recreating the OH 
coverage onto the surface. 
 
(–O–)xMLn-x (s) + ½(n-x) H2O (g) → (–O–)xM(OH)n-x (s) + (n-x) HL (g) (12) 
 
In Reactions 11 and 12 s denotes a surface species, M metal and L ligand bound to the 
metal. 
 
There are two kinds of OH groups on the surface: terminal and bridging between two 
or more cations.143 The terminal OH groups can be either adjacent and possibly 
hydrogen bonded with each other or isolated. The various types of hydroxyl groups 
are depicted in Figure 3.  
 
 
Figure 3. Different types of hydroxyl groups on oxide surfaces: a) isolated terminal, b) 
bridging between two cations, c) hydrogen bonded terminal, d) geminal hydroxyl group. 
(schematics after ref. 140) 
 
The OH groups are not stable at elevated temperatures: they may condense with each 
other causing dehydroxylation of the surface (Fig. 4a). This dehydroxylation increases 
with increasing temperature causing decrease of the surface hydroxyl group density 
(Fig. 5) Especially the hydrogen bonded hydroxyls are favourable for 
dehydroxylation. Rehydroxylation of the surface is also possible by dissociative 
chemisorption of water molecules (Fig. 4b and c). 
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Figure 4. Reaction a depicts dehydroxylation of the surface. The reverse of that reaction, 
rehydroxylation is depicted in b and c.  
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Figure 5. The relative hydroxyl coverage of amorphous Al2O3 surface as a function of 
temperature.144 
 
It has been thought that the only growth rate limiting factor is the number of reactive 
surface sites if the precursor dose is high enough for the saturation. Surprisingly, the 
growth rate can be increased by further increasing the precursor dose, i.e. precursor 
concentration in the gas phase.145,I 
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4.1.1 Me3Al – H2O process  
 
The ALD growth of aluminium oxide from trimethylaluminium and water has been 
widely studied.17–18,25,146,I A reaction mechanism has been proposed for the film 
growth118–119,147: the incoming Me3Al reacts with the surface hydroxyls liberating 
methane, during the second half reaction water releases the rest of the methyl groups 
producing a hydroxyl terminated surface again. 
 
n –OH (s) + Me3Al (g) → (–O–)nAlMe3-n (s) + n CH4 (g)    (13) 
(–O–)nAlMe3-n (s) + 1.5 H2O (g) → (–O–)1.5Al(OH)n (s) + (3-n) CH4 (g) (14) 
 
Increasing the OH density on the surface increases the adsorption of Me3Al and hence 
the growth rate. Indeed, it was observed that the growth rate could be increased by 
increasing the water dose. A large enough water dose is needed to saturate also the 
coordinatively unsaturated surface (c.u.s.) aluminium and oxygen sites.119 Two kinds 
of reactions are suggested to take place during the water pulse and reaction 16 is the 
one which is most affected by the increased water dose.119 
 
Al–CH3 (s) + H2O (g) → Al–OH (s) + CH4 (g)    (15) 
Al–O–Al (s) + H2O (g) → 2 Al–OH (s)     (16) 
 
The water dose was varied between 3 × 10-6 and 1 × 10-4 g/cycle. At first, the growth 
rate increased rapidly but finally saturated to a level of about 1.0 Å/cycle when the 
water dose was about 6 × 10-5 g/cycle (Fig. 6). After that point the increment in the 
water dose could no longer increase the number of OH groups on the surface and 
hence did not any more increase the growth rate.  
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Figure 6. The growth rate of Al2O3 determined for various water doses. 
 
 
When the water pulse was varied from 0.5 to 3.5 s the growth saturated with both the 
above mentioned water doses but to a different level: at 0.95 Å/cycle with the small 
dose and at 1.16 Å/cycle with the large dose (Fig. 7). This shows that the ALD growth 
rate is not always independent of the precursor dose even when it is above the limit 
for saturating the surface reactions. The small and large water doses refer to 8 × 10-6 
and 2 × 10-4 g/s water flow rates, respectively. 
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Figure 7. The growth rate for small (8 × 10-6 g/s) and large (2 × 10-4 g/s) water flow rate. 
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The growth rate saturated to a higher level with the large water dose than with the 
small dose at all deposition temperatures (150 – 500 ºC). At the higher temperatures 
the saturation levels became closer to each other and at 500 ºC they almost met. This 
means that at high temperatures dehydroxylation is so rapid that it cannot be 
compensated even with a very large water dose. 
 
The large H2O doses did not affect the quality of the films. The refractive indices 
varied from 1.63 to 1.67 between 150 and 500 ºC, respectively, but there was no 
difference between the small and large water dose. Films grown at 250 ºC were 
analysed for residual impurities by TOF-ERDA. No significant difference was 
observed between the samples grown using the small and large water doses: the 
hydrogen contents were 1.0 and 1.1 at.%, respectively. The carbon content was less 
than 0.2 at.%. 
 
4.1.2 Other Oxide Processes 
 
A slight or even a large increase in the growth rate compared to the earlier published 
ones was obtained for all the ALD processes that were studied (Fig. 8) when a higher 
water dose was used. Below in text, small and large water doses refer to water flow 
rates of 8 × 10-6 and 2 × 10-4 g/s, respectively. 
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Figure 8. The effect of the small (8 × 10-6 g/s) and large (2 × 10-4 g/s) water flow rate on the 
oxide growth rate. The grey and black columns present the growth rates obtained with the 
small and large flow rates, respectively.  
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Al2O3 A somewhat increased growth rate from 0.42 to 0.52 Å/cycle was obtained for 
the AlCl3 – H2O process when the water dose was varied. The growth rates obtained 
earlier were of the order of 0.40 Å/cycle14, the refractive index (1.70) was higher than 
what was evaluated for the films in the present study for both water doses (1.66). 
  
ZrO2 A growth rate of 0.53 Å/cycle has been reported earlier for the ZrCl4–H2O ALD 
process.42 In this study, that growth rate was obtained already with the small water 
dose, and a higher growth rate of 0.75 Å/cycle was achieved with the large water 
dose. The refractive indices were 2.2 and 2.3 for the small and large dose, 
respectively. These are comparable with the 2.2 reported earlier.42 Only rather weak 
reflections were observed in the XRD measurements, which is in accordance with the 
earlier observations.42 
  
TiO2 In the case of the TiCl4 – H2O process, the larger water dose affected the growth 
rate only slightly: it increased from 0.46 to 0.49 Å/cycle. The refractive index of the 
film grown with the larger water dose was higher than the one grown with the smaller 
dose: 2.55 vs. 2.40, respectively. The higher refractive index indicates better film 
quality, the most likely explanation being that the larger water dose effectively 
removes the chloride ligands. XRD showed no major differences in the films: both 
films showed weak reflections of the anatase phase. 
The increased water dose had a significant effect on the growth rate in the case of the 
other Ti precursors, Ti(OiPr)4 and Ti(OEt)4: the growth rate was increased from 0.33 
to 0.60 Å/cycle. The low growth rate is most likely caused by steric reasons as the 
ethoxo and isopropoxo ligands take up a good deal of room on the surface. The larger 
water amount removes more ligands from the adsorbed Ti precursor. The effective 
removal of the ligands is also supported by the compositional analysis (by TOF-
ERDA), which showed that there is only about 0.1 at.% of hydrogen and less than 0.2 
at.% of carbon residues in the films.  
 
Ta2O5 The growth rate for the TaCl5 – H2O process was more than doubled from 0.31 
to 0.66 Å/cycle when the water dose was increased. It has been suggested that as the 
H2O releases the chloride ligands, it either recreates OH groups on the surface or 
creates a bridging oxygen.133 These oxygen bridges are less reactive than OH groups 
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and hence decrease the growth rate. It is likely that the large water dose enhances the 
recreation of surface OH groups. 
Results obtained with the other Ta precursor, Ta(OEt)5, were 0.36 and 0.49 Å/cycle 
for small and large water dose, respectively. These films were analysed by TOF-
ERDA for carbon and hydrogen: there were more impurities in the film grown using 
the smaller water dose than with the large dose: 1.1 vs. 0.3 at.% of carbon and 1.5 vs. 
0.6 at.% of hydrogen. The diminished amount of impurities suggests that the ethoxo 
ligands are removed more effectively with the large water dose which is most 
probably also the reason for the increased growth rate. 
 
4.2. Al2O3 and TiO2 [II] 
 
The characteristics of ALD make it a tempting technique also for depositing corrosion 
protection coatings. In this respect, the most important advantages of ALD are 
excellent conformality both in macroscopic (complex shaped objects) and 
microscopic (surface roughness and irregularities) scales, and the high quality of the 
films prepared, particularly their dense, pinhole-free structures. Yet another 
advantageous feature of ALD is that since the substrate-film interface is formed via 
saturative chemical reactions, good adhesion may be expected. Together with the 
barrier properties of the coating, adhesion has the largest impact on the corrosion 
protection of metallic substrates by inorganic coatings, the overall corrosion resistance 
being determined in the first place by adhesion. 
 
Ceramic corrosion protection coatings have typically thicknesses of at least one 
micron. For depositing such thick coatings, ALD appears to be too slow. However, 
because of its superior conformality and high film density, ALD shows a promise to 
protect the underlying objects already with thinner films. The film materials chosen 
for this corrosion protection study were Al2O3 and TiO2 because these processes were 
well established17,21,31,72, and they could be carried out at low temperatures which is 
considered crucial to avoid cracking due to thermal stresses.  
 
The growth and characterisation of Al2O3 and TiO2 films is discussed first and then 
the corrosion protection properties of these films are addressed briefly. Some 
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unpublished results are included. Finally, the reaction mechanisms in two ALD 
processes are examined: Me2AlCl–D2O and TiCl4–D2O. 
 
4.2.1. Film Growth and Characterisation 
 
Al2O3 The films were deposited from Me3Al and H2O at a temperature range of 150 – 
400 °C. Figure 9 shows the growth rates on glass and stainless steel. Both plots follow 
the same trend; the growth rate seems to be independent of temperature between 200 
and 350 °C. The slight decrease in the growth rate at 400 °C is most possibly caused 
by dehydroxylation of the surface, but partial decomposition of Me3Al already before 
it reaches the substrate may also affect the growth rate148. At 150 °C, the kinetics of 
the surface reactions is probably the growth rate limiting factor148. The thicknesses of 
the films grown were between 250 and 310 nm. 
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Figure 9. Dependence of Al2O3 growth rate on temperature. (  = glass substrate,  = steel 
substrate). 
 
The chemical composition of the films was studied by TOF-ERDA and NRB. The 
results of these analyses are depicted in Figs. 10-12. There was a small carbon residue 
in all the films but it decreased from 0.8 at.% to about 0.2 at.% with increasing 
temperature (Fig. 10). Due to adsorbed hydrocarbons the carbon concentration shows 
a peak at the film surface but is otherwise evenly distributed (Fig. 11). The hydrogen 
content is the highest in the film grown at 150 °C and it decreases as the growth 
temperature is raised (Figs. 10 and 12). The lowest hydrogen contents were close to 
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the detection limit of the NRB technique. The high hydrogen peak at the surface (Fig. 
12) is due to adsorbed water and hydrocarbons. The large hydrogen contents in the 
films grown at low temperatures (Fig. 10) imply that some hydroxyl groups are left in 
the films because of incomplete reactions. On the other hand, some -CHx residues 
may also exist in these films since they have the highest carbon contents (Fig. 10).   
The refractive index measured at λ = 580 nm correlates with the hydrogen contents: it 
increases from 1.62 to 1.67 with the increasing deposition temperature. Low hydrogen 
residue and high refractive index indicate good film quality. 
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Figure 10. Temperature dependencies of C and H residual contents in Al2O3 films grown on 
glass measured by TOF-ERDA and NRB. 
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Figure 11. Element depth profiles of an Al2O3 film deposited at 150 °C as analysed by TOF-
ERDA. 
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Figure 12. Hydrogen depth profiles in Al2O3 films grown at different temperatures as 
analysed by NRB. 
 
Aluminium oxide is an amphoteric compound; i.e. it is readily soluble in both acids 
and alkalis. Etching tests with NaOH and H3PO4 were made to examine the chemical 
stability of the films, which was found to be growth temperature dependent getting 
worse with decreasing temperature (Fig. 13). The etching rates correlate nearly 
linearly with the hydrogen contents (Fig. 14) and inversely with refractive index 
thereby relating the chemical stability to CHx or OH (or both) residues and film 
density. The films dissolve slowly over a time period of 8 weeks also into the 3.5 w-% 
NaCl solution used in the corrosion tests. Therefore, aluminium oxide can be used as 
a protective coating only in rather neutral conditions. On the other hand, the 
dissolution rate into acids and bases can be used as a measure of the film quality.  
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Figure 13. The etching rate for Al2O3 films at 60 °C. The etching solution was (a) 7 M H3PO4 
and (b) 0.1 M NaOH. 
 
150 200 250 300 350 400
0
1
2
3
4
5
6
 
E
tching rate
 (n
m
/m
in)C
o
n
c
e
n
tr
a
tio
n
 (a
t.%
)
Growth temperature (oC)
6
8
10
12
14
16
18
20
22
 
 
Figure 14. The hydrogen concentration determined by TOF-ERDA and the etching rate (7 M 
H3PO4) correlate nearly linearly.  
 
 36
TiO2 The TiO2 films were deposited using TiCl4 and H2O at a temperature range of 
150 – 400 °C. The growth rates of the films are depicted in Fig. 15. There seems to be 
a rather large difference in the growth rates on glass and steel at 250 °C. The lower 
growth rate achieved at 150 °C is again most probably due to kinetic reasons. The 
thicknesses of the films were between 170 and 290 nm. 
 
150 200 250 300 350 400
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
 
 
G
ro
w
th
 
ra
te
 
(Å
/c
yc
le
)
Temperature (oC)
 
 
Figure 15. Dependence of TiO2 growth rate on temperature (  = glass substrate,  = steel 
substrate). 
 
The XRD patterns of TiO2 films deposited onto stainless steel at 150 – 400 °C are 
shown in Fig. 16. The film grown at 150 °C was amorphous; the other films were 
crystalline having either anatase (below 300 °C) or rutile (above 300°C) structure 
depending on the deposition temperature.  
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Figure 16. XRD patterns for TiO2 films on stainless steel substrates deposited at 150–400 °C. 
 37
The chemical composition of the film grown at 150 °C as determined by TOF-ERDA 
is depicted in Fig. 17. The films grown at 150 and 200 °C had a small carbon residue 
content of about 2 at.%; in the rest of the samples the carbon content was very low, 
near the detection limit of the TOF-ERDA method. Anyhow, the residual carbon is 
mostly due to adsorbed hydrocarbons and is concentrated near the surface. An evenly 
distributed chlorine concentration of about 2 at. % was detected in the film grown at 
150 °C. The chlorine content decreases with increasing temperature. Hydrogen 
contents were found to have maxima both at the outer surface and at the film-substrate 
interface (Fig. 18). The maxima are due to water and hydrocarbons adsorbed on the 
substrate surface before film deposition and on the film after the deposition. The 
hydrogen residue of the film-substrate interface decreases with increasing temperature 
suggesting that it is mostly due to adsorbed water that desorbs at higher temperatures. 
In the bulk of the films the hydrogen contents are low, below 0.1 at. %, the films 
grown at the lowest temperatures making an exception with about 0.4 at. % of 
hydrogen. 
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Figure 17. Element depth profiles of a TiO2 film deposited at 150 °C as analysed by TOF-
ERDA. 
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Figure 18.  Hydrogen depth profiles in a TiO2 film deposited at 250 °C as analysed by NRB. 
 
The refractive indices measured at λ=580 nm increase from 2.41 to 2.58 with 
increasing growth temperature from 150 to 400 °C. A high refractive index indicates 
dense film structure and is combined to low hydrogen content.149 Thus, the film 
quality improves when the growth temperature is increased. The crystallinity of the 
films, however, introduces grain boundaries that lower the film density and may serve 
as weak points in corrosion protection. Because of the grain boundaries TiO2 films 
alone are not necessarily good protective coatings even though the chemical stability 
of the films is good: the films on glass could be etched only with 80 % H2SO4 at 110 
°C with a rate of about 2 nm/h (films deposited at 250 – 400 °C), 7 nm/h (film 
deposited at 200 °C) and 6 nm/min (film deposited at 150 °C). 
 
4.2.2. Corrosion Protection Properties 
 
The corrosion protection properties of the Al2O3 and TiO2 films on stainless steel 
substrates were investigated by electrochemical impedance spectroscopy (EIS). The 
work was carried out in the Laboratory of Corrosion and Materials Chemistry at the 
Helsinki University of Technology. The experimental details and a more detailed 
analysis of the corrosion protection properties are presented in paper II. 
 
Al2O3: At first the films seemed to resist the 3.5 wt.% NaCl solution, but after a few 
weeks the electrolyte had penetrated some weak points of the coating. The films 
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grown at 250 °C appeared to be the best. The films were thought to dissolve slowly 
due to their amphoteric nature. This dissolution was observed also visually as the 
reflection colour of the films changed during immersion. 
 
TiO2: The optimum deposition temperature seemed to be 200 – 300 °C. The films 
grown at 300 °C resisted the NaCl electrolyte better than those deposited at lower 
temperatures. The crystalline nature of the films enabled the electrolyte to penetrate 
the coating through grain boundaries and cause corrosion of the underlying substrate. 
This phenomenon was best seen in the case of the films grown at 400 °C. 
 
TiO2 films were tested also in an acidic environment in 1 mol/l HCl. Again due to the 
grain boundaries or pores, the corrosive media was able to penetrate through the 
coating and cause corrosion of the steel substrate. 
 
Al2O3–TiO2 multilayer structures were prepared to combine the good characteristics 
of both film materials, i.e., the grain boundary free, dense structure of Al2O3 and the 
inherent chemical stability of TiO2. The intermediate amorphous Al2O3 layers prevent 
the grain boundaries in crystalline TiO2 from extending through the whole structure 
(Fig. 19). Four different kinds of multilayers were made: 2x(Al2O3-TiO2), 4x(Al2O3-
TiO2), 8x(Al2O3-TiO2) and 20x(Al2O3-TiO2). These films were grown at 250 ºC and 
the total thickness of the films was about 400 nm. 
 
 
Figure 19. a) A single TiO2 layer. b) An Al2O3-TiO2 multilayer structure.  
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No clear tendency was observed between the corrosion protection properties and the 
number of layer pairs in the coating with a total thickness of 400 nm. The best of the 
coatings studied seemed to be the one with 20 Al2O3–TiO2 double layers. No clear 
visual changes or corrosion were observed in any of the multilayer coatings after 12 
weeks immersion in 3.5 wt.% NaCl. The multilayer coating clearly offered better 
protection against corrosion compared to the single layer oxides. 
 
 
4.2.3 Reaction Mechanism Studies on the Me2AlCl – D2O ALD Process [III] 
 
The reaction mechanism studies on the Me2AlCl – D2O process are the first where 
there are two different kinds of ligands attached to the metal. The motivation of this 
study was to investigate whether the methyl groups or the chloride ion preferentially 
interacts with the –OD groups during adsorption. 
 
Reaction mechanism The film growth proceeds via surface reactions, in which ligands 
are exchanged with hydroxyl groups. Suggestions for these exchange reactions are 
presented in Appendix A, it is possible that these reactions occur simultaneously. 
There are two apparent reaction by-products: DCl and CH3D, molecular ions of which 
are detected at m/z=37 and m/z=17, respectively.  
 
The QMS data suggests that a large part of the methyl ligands is released during the 
Me2AlCl pulse and most of the chloride ligands during the water pulse. An n value 
referring to the number of ligands released per one Al during the Me2AlCl pulse can 
be calculated separately for both ligands. These values are referred to as nMe and nCl 
and are obtained as follows: the amount of the given by-product detected during the 
Me2AlCl pulse is divided by its total amount, i.e. the amount detected during both 
precursor pulses altogether. As there are two –Me ligands and one –Cl ligand in 
Me2AlCl, the values of nMe and nCl can be in the ranges of 0 – 2 and 0 – 1, 
respectively. These separate values are then added together to give the total number of 
ligands (nMe + nCl) reacting during the metal precursor pulse. This reaction can be 
depicted by Reaction 17: 
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(nMe+nCl) –OD (s) + Me2AlCl →  
 (–O–)(nMe+nCl)AlMe(2-nMe)Cl(1-nCl) (s) + nMe CH3D (g) + nCl DCl (g) (17) 
 
The total n value decreases from 1.66 to 0.97 while the temperature increases from 
150 to 400 ºC, so more than half of the ligands are released during the Me2AlCl pulse 
at the lowest temperature and less than one ligand at the highest.  
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Figure 20. m0/m1 obtained from the QCM data at different temperatures (open squares) and 
calculated using the n values from the QMS data (solid squares). These values refer to 
possible reactions presented in Appendix A. n refers to the total number of ligands released 
during the Me2AlCl pulse. It can be divided into nMe and nCl (see Equation 17), which refer to 
the number of –Me and –Cl ligands, respectively, released during the Me2AlCl pulse per one 
Al. 
 
The QMS results indicate that more than one of the reactions presented in Appendix 
A take place at the same time. Therefore, evaluation of the reaction mechanism from 
the QCM data is complicated. Usually the measured m0/m1 value is compared with 
theoretical values (Appendix A). In this case, it can be done only under the 
assumption that a single reaction takes place at a time. So the following interpretation 
of the QCM data should be regarded only suggestive. 
 
The m0/m1 values calculated from the QCM data suggest (Fig. 20) that e.g. at 150 ºC 
the chloride ligand leaves already during the Me2AlCl pulse and the methyls during 
the water pulse. The values measured for temperatures above 200 ºC suggest a 
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mechanism where the methyls would be released during the Me2AlCl pulse and the 
chloride during the water pulse, which is in accordance with QMS. m0/m1 values can 
also be calculated using the nMe and nCl values obtained from the QMS data (Fig. 20). 
As m1 is the change in mass during the Me2AlCl adsorption, it equals to the change in 
surface species in Reaction 17 and it can be calculated as follows: m1 = M(Al) + (2-
nMe)M(Me) + (1-nCl)M(Cl) - (nMe+nCl)M(D). m0 refers to the Al2O3 deposited, in this 
case, when only one Al is involved, M(AlO1.5). The calculated values are reasonably 
close to those measured with the QCM. There is some difference between the 
measured and calculated value at 250 °C, but both values still refer to a similar 
reaction mechanism. At 150 °C, there is a contradiction in the values. Although they 
are very close to each other, they refer to different mechanisms if they are interpreted 
by a single reaction (Appendix A). As it obvious that more than one reaction is 
applied simultaneously, QMS more reliably gives the average reaction mechanism. 
  
Growth Rate The growth rate according to QMS and QCM is depicted in Fig. 21. 
Optically determined growth rate from an earlier film deposition study is included for 
comparison. 28 The growth rate obtained from the QMS data is the total amount of 
m/z=17 and m/z=37 released during both precursor pulses. The data is normalised to 
unity at 250 ºC. The results are in good accordance with each other. At 150 ºC the 
value obtained from QMS measurements is low compared to the QCM and ALD 
results. It has been shown that the films deposited below 200 ºC contain relatively 
high amounts of hydrogen, chlorine and carbon impurities.28 These impurities are 
incorporated into the film during the film growth by incomplete surface reactions, i.e. 
the ligands are not removed completely. The QMS measures gaseous products 
originating from the surface reactions, and when these reactions are not complete, the 
amount of by-products is lower than would be expected based on the growth rate. 
Hence, the low growth rate compared to QCM and optically determined (taken from 
Ref. 28). Above 250 ºC the growth rate decreases slowly, which is usually attributed 
to the decreasing hydroxyl group density on the surface.  
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Figure 21. The growth rate in the Me2AlCl–D2O process measured with QMS and QCM. 
Optically determined growth rate28 for the Me2AlCl–H2O ALD process is included for 
comparison. 
 
4.2.4 Reaction Mechanism Studies on the TiCl4 – D2O ALD Process [IV] 
 
Reaction mechanism The ALD growth of TiO2 from TiCl4 and water has been 
suggested to proceed via ligand exchange reactions taking place on the surface. In 
these reactions the incoming TiCl4 reacts with the surface hydroxyl groups releasing 
hydrogen chloride. The subsequent water pulse then releases the possibly remaining –
Cl ligands restoring the hydroxyl covered starting surface. Suggested reaction 
mechanisms are presented in Appendix B. 
 
The only reaction by-product that was observed was DCl, which was produced during 
both the TiCl4 and D2O pulses. An n value referring to the number of –Cl ligands 
released during the TiCl4 pulse (Appendix B) can be calculated from the QMS results, 
i.e. from the amounts of DCl released. These values (Fig. 22) show that the number of 
released –Cl ligands decreases with increasing temperature and ,hence, the number of 
–OD groups also decreases. At 150 ºC the incoming TiCl4 interacts with about 2 –OD 
groups and with less than one at 400 ºC, which means that at the higher temperatures 
the growth must at least partially proceed via dissociative chemisorption on 
dehydroxylated surface:   
 
Ti(–O–)2Ti (s) + TiCl4 (g) → Ti(Cl)–O–Ti(OTiCl3) (s)   (18) 
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Figure 22. n values in TiCl4 – D2O process as calculated from the QCM and QMS data for 
the reaction TiCl4 + D2O. 
 
Other volatile by-products have been suggested in the literature31,142,150, e.g. Cl2, 
Ti(OD)xCly and TiOxCly. None of those were observed in this study by QMS. Either 
they were not formed, their lifetime was too short or the amount was too small to be 
detected. 
  
Growth rate The growth rate can be depicted by the total amount of DCl released 
during one ALD cycle as measured by QMS. The m0 obtained from the QCM results 
also refers to the film growth rate. Both of these are shown in Figure 23, the results 
are normalised to unity at 250 ºC. 
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Figure 23. The normalised weight change during one complete ALD cycle (m0, labelled 
QCM) and the total amount of  reaction by-products (DCl, m/z=39, labelled QMS) as a 
function of reaction temperature. The growth rates measured optically taken from paper II 
(labelled ALD) are included for comparison. 
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Below 200 ºC the growth rate deduced from the QMS results is much higher than that 
of QCM. This comes from the high DCl amounts released during the TiCl4 pulse. It 
could be explained by adsorption of molecular water onto the substrates and the walls 
of the reaction chamber, and its subsequent reaction with the TiCl4 pulse. Between 
200 and 250 ºC the results seem to be in good accordance with each other. The QMS 
and QCM results are still in rather good agreement above 250 ºC: the growth rate 
decreases steadily as the temperature increases. The difference between the growth 
rates obtained in the in situ studies and the optically determined ones from the 
conventional ALD process might be caused by different reactor design and process 
conditions (e.g. carrier gas flow rate). 
 
4.3 ZrO2 [V,VI] 
 
As already was presented in Tables 1 and 4, a number of precursors have been 
investigated for the ALD of ZrO2. The halides are high melting point solid sources 
with a very fine particle size, which leads to a risk of particle transport to the substrate 
and into the films. The β-diketonates and cyclopentadienyls have been used with 
ozone as the oxygen source. Ozone causes oxidation of silicon, so these processes are 
unlikely to be suitable for applications in silicon technology. Zr(OtBu)4 has been 
observed to decompose extensively, which for example leads to hydrogen and carbon 
residues in the films. It could be possible to stabilise the alkoxide by adding a donor- 
functionalised ligand, dmae (dmae = [OCH2CH2N(CH3)2]). The ALD deposition of 
ZrO2 from Zr(dmae)4, Zr(dmae)2(OtBu)2, Zr(dmae)2(OiPr)2 and H2O is briefly 
presented and discussed in this chapter. The results obtained from the film growth 
experiments and the in situ studies are reviewed together from the film growth point 
of view. The reaction mechanism is discussed separately in the end of the chapter. 
 
Pulse length. No saturation of the growth rate was observed with any of the precursors 
studied when the Zr precursor pulse was varied from 0.2 to 1.5 s. As no tendency 
toward saturation was observed, the pulse length was not elongated over 1.5 s. The 
non-saturative growth was attributed to decomposition of the metal precursor. The 
growth rate settled to a different level depending on the precursor being 0.50 – 1.08 
Å/cycle for Zr(dmae)4, 0.58 – 1.32 Å/cycle for Zr(dmae)2(OtBu)2 and 0.70 – 1.48 
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Å/cycle for Zr(dmae)2(OiPr)2. The H2O pulse length did not have a significant effect 
on the growth rate. 
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Figure 24. The mass increment detected with the QCM at various Zr precursor pulse lengths 
at 240 ºC. 
 
The nonsaturative growth can more clearly be seen in the QCM data presented in 
Figures 24 and 25 where the mass increment during one ALD cycle (m0) is presented. 
The m0 increases steadily as the Zr precursor pulse is elongated from 3.0 to 7.0 s with 
all three precursors. In Figure 25 the Zr(dmae)4 pulse length has been varied from 1.0 
to 30.0 s. These results support the assumption of precursor decomposition. Variation 
of the H2O pulse length from 0.2 to 1.5 s did not have such an effect on m0, thus 
indicating that either the growth settled to a certain level or lower m0 values were 
obtained with the longer H2O pulses.  
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Figure 25. The effect of elongated Zr(dmae)4 pulse on m0 at 240 °C. 
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During the TOF-ERDA analysis, impurities were found to escape from the films. This 
is apparently due to the impurity species decomposing effect of heavy ion beam. For 
that reason, the TOF-ERDA results are not very accurate, but some conclusions can 
be drawn. Elongating the Zr precursor pulse from 0.2 to 1.5 s at 240 °C did not 
significantly increase the impurity content.  There was at least 30 at.% of hydrogen in 
the film grown from Zr(dmae)4, and the same amount was detected when the longer 
Zr precursor pulse had been applied. For Zr(dmae)2(OtBu)2 the hydrogen content was 
at least 11 at.%. In the case of Zr(dmae)2(OiPr)2 no accurate values could be 
determined for the film grown using 0.2-s Zr precursor pulse, but the film contained 
substantial amounts of hydrogen. The carbon and nitrogen contents were also about 
the same with both pulse lengths, for example, at least 10 at.% of carbon and 1 at.% of 
nitrogen in the films grown from Zr(dmae)4.  
 
There is a contradiction between the impurity contents and refractive indices in the 
case of elongated Zr precursor pulse. The pulse elongation from 0.2 to 1.5 s does not 
affect the impurity contents, but it affects the refractive index: 1.92 → 1.79 for 
Zr(dmae)4, 1.87 → 1.82 for Zr(dmae)2(OtBu)2 and 1.89 → 1.83 for Zr(dmae)2(OiPr)2. 
A lower refractive index would suggest a higher hydrogen content.149 One should 
keep in mind, though, that this time the TOF-ERDA results are only qualitative, the 
real amounts might be completely different.  
 
Decomposition The assumed decomposition of the precursor was tested by pulsing 
only the Zr precursor on glass and ZrO2 film. In the film growth experiments no or 
barely any film was obtained at 240 °C with a short 0.2-s Zr precursor pulse. A longer 
pulse length (1.5 s) and a higher deposition temperature (340 °C) was tested with 
Zr(dmae)2(OiPr)2, but no film was deposited. These results suggest that the 
decomposition may be induced by the surface OH groups that are formed in exchange 
reactions with water. 
 
A reaction mechanism for heterogeneous decomposition of Zr(OtBu)4 has been 
suggested by Cameron and George151. First Zr(OtBu)4 reacts with a surface hydroxyl 
group and becomes bound to the surface. In this reaction a t-butoxide ligand is 
eliminated as t-butanol (Reaction 19). 
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–(OH) (s) + Zr(OtBu)4 → –O– Zr(OtBu)3 (s) + tBuOH   (19) 
 
Second, the remaining –OtBu groups may decompose by β-hydride elimination 
producing isobutylene and creating new OH groups on the surface (Reaction 20). 
 
Zr–(OtBu) (s) → Zr–(OH) (s) + CH2C(CH3)2    (20) 
 
The occurrence of these reactions is supported by the QCM data. When only 
Zr(dmae)2(OtBu)2 was pulsed, a significant mass increment (m0) was observed during 
the first couple of pulses (Fig. 26). At this stage, the surface OH groups are most 
probably slowly consumed according to Reaction 19. After these first pulses, m0 
settles to a certain level, suggesting that the ligands decompose by creating new 
surface sites according to reaction 20. The number of these OH sites formed by  β-
elimination is low compared to the initial OH coverage, hence the mass increment is 
much smaller. Without decomposition no mass uptake should take place at all when 
only one precursor is pulsed. 
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Figure 26. The m0 obtained from the QCM data measured during 20 Zr(dmae)2(OtBu)2 pulses 
at various temperatures. 
 
The QMS results may also support reaction 20 as m/z=56 which refers to 
[CH2C(CH3)2]+ was detected. The alcohol formed in Reaction 19 was not observed, 
though. It is possible that it was not formed, the amounts were too small to be 
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detected or it fragmented in the ion source. When only Zr(dmae)4 or Zr(dmae)2(OiPr)2 
was pulsed, results similar to Zr(dmae)2(OtBu)2 were obtained with the QCM.  
 
Temperature. The deposition temperature was varied between 190 and 340 °C. As the 
precursors were evaporated at 150 and 170 °C, 190 °C was chosen for the lowest 
deposition temperature. Due to the decomposition tendency of the precursors, 340 °C 
was not exceeded. The deposition temperature did not have a large effect on the 
growth rate. It increased slightly at higher temperatures in the case of Zr(dmae)4 and 
Zr(dmae)2(OtBu)2 which could be attributed to precursor decomposition. In the case 
of Zr(dmae)2(OiPr)2 the growth rate decreased slightly with increasing temperature. 
Surprisingly, barely any film was deposited at 190 °C with Zr(dmae)4, probably due 
to very slow surface reactions. 
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Figure 27. The amount of m/z=44 measured by QMS at 240 °C (reaction = the amount 
detected during ALD reaction, background = the amount coming from the Zr precursor). 
 
The suggested decomposition at the higher temperatures is supported by the QMS 
measurements, but surprisingly though, there is some contradiction. In Figure 27 can 
be seen that the background signals coming from the Zr precursors are dependent on 
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temperature in the case of Zr(dmae)2(OtBu)2 and Zr(dmae)2(OiPr)2, but there seems to 
be no such a dependence in the case of Zr(dmae)4. At 340 °C the background signal 
exceeds the amount of the same mass detected during ALD reactions.   
 
The refractive index increased with increasing temperature indicating a more dense 
film structure. Higher refractive index suggests also less impurities in the film. This 
suggestion is supported by the TOF-ERDA results on films deposited at 240 and 340 
°C. Impurities were removed from the films deposited at 240 °C during analysis but in 
the case of the films deposited at 340 °C this did not occur. The films contained about 
13 at.% of hydrogen and about 5 at.% carbon. These amounts are about half of those 
measured for films grown at 240 °C. 
 
Thermal annealing at 500 °C under N2 had a noticeable effect on the refractive index 
and film thickness. The refractive index was improved from 1.82 to 1.99, from 1.91 to 
2.08 and from 1.88 to 2.06 for Zr(dmae)4, Zr(dmae)2(OtBu)2 and Zr(dmae)2(OiPr)2, 
respectively. A 30 - 40 % thickness decrease was observed in the films deposited at 
240 °C during annealing which together with the increased refractive index indicates 
densification of the film material.  
 
Crystallinity of the as-deposited films varied according to the deposition temperature: 
the films grown at 190 - 240 °C were amorphous and the films grown at 290 - 340 °C 
were nanocrystalline. The annealing turned also the amorphous films into crystalline. 
The XRD results are presented in more detail in paper VI. 
 
Reaction mechanism As all three precursors decompose at the higher temperatures 
and as we were not able to find an ion coming exclusively from one of the ligands, it 
was not possible to deduce any detailed reaction mechanism from the QMS and QCM 
data. Appendeces C, D and E suggest possible reaction mechanisms occurring in an 
ideal case when the film growth proceeds only via ligand exchange reactions on the 
film surface. 
 
During the Zr(dmae)4 pulse the precursor should react with the surface hydroxyl 
groups releasing dmae ligands as deuterated dimethylaminoethanol, dmaeD (Reaction 
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21 below). The remaining ligands should then react with the incoming water and the 
surface should again become hydroxyl covered (Reaction 22 below). 
 
2 –OD (s) + Zr(dmae)4 (g) → (–O–)2Zr(dmae)2 (s) + 2 dmaeD (g)  (21) 
 
(–O–)2Zr(dmae)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 dmaeD (g) (22) 
 
The main reaction by-product dmaeD should be observed by QMS as m/z=90, 
[dmaeD]+. However, hardly any of this mass was observed which suggests that it 
either did not form or it was fragmented, the latter one being the most probable 
explanation. Fragmentation is supported also by the fact that significant amounts of 
the main fragment coming from α-cleavage, m/z=58 [CH2N(CH3)2]+, was detected. 
Another fragment produced by a secondary rearrangement reaction, m/z=44 
[CH2NHCH3]+, was also detected in high amounts. These ions were detected during 
both the Zr precursor pulse and the water pulse. 
 
In the case of Zr(dmae)2(OtBu)2, the situation is more complicated as there are two 
different ligands attached to the metal. Releasing these ligands produces two possible 
reaction by-products or a combination of those (Reactions 23 – 28 below). 
 
2 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)2Zr(dmae)2 (s) + 2 tBuOD (g) (23) 
 
(–O–)2Zr(dmae)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 dmaeD (g) (24) 
 
2 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)2Zr(OtBu)2 (s) + 2 dmaeD (g) (25) 
 
(–O–)2Zr(OtBu)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 tBuOD (g) (26) 
  
2 –OD (s) + Zr(dmae)2(OtBu)2 (g)  
  → (–O–)2Zr(dmae)(OtBu) (s) + dmaeD (g) + tBuOD (g) (27) 
 
(–O–)2Zr(dmae)(OtBu) (s) + 2 D2O (g)  
  → (–O–)2Zr(OD)2 (s) + dmaeD (g) + tBuOD   (28) 
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The main reaction by-products should be dmaeD (m/z=90) and tBuOD (m/z=75), 
neither of which were observed. Again, fragments at m/z=58 [CH2N(CH3)2]+ and 
m/z=60 [(CH3)2COD]+ were detected. 
 
Zr(dmae)2(OiPr)2 should react in a similar manner as Zr(dmae)2(OtBu)2: either both 
dmae or both OiPr ligands are released at the same time or one dmae and one OiPr 
ligand is released. The main reaction by-products should be dmaeD (m/z=90, not 
detected) and PriOD (m/z=61), which again was observed as a fragment: 
[CH3CHOD]+ (m/z=46). 
 
5. Concluding Remarks  
 
The effect of water dose on the growth rate of ALD deposited Al2O3 was examined in 
detail using Me3Al and H2O as precursors. The growth rate could be enhanced by 
increasing the water dose, which is believed to be due to increased density of 
hydroxyl groups on the film surface after the water pulse. The increased OH density 
can be caused by more effective removal of CH3 ligands or saturation of 
coordinatively unsaturated surface oxygen and aluminium. The increase of water dose 
did not affect the film quality. 
 
A number of other ALD oxide processes were also examined. In most of them, the 
growth rate could be increased by increasing the water dose while the film properties 
remained unaffected, and sometimes the film purity was even improved. 
 
The suitability of ALD grown Al2O3 and TiO2 for corrosion protection coatings was 
studied. The amphoteric nature of Al2O3 makes it nonresistant against acidic and basic 
solutions. The films were immersed in NaCl solution and already after a few weeks 
the solution had penetrated through some weak points in the coating. In the case of 
TiO2, the material itself was more resistant, but due to its crystallinity the corrosive 
media was able to reach the substrate, most likely through grain boundaries. The 
combination of alternating Al2O3 and TiO2 layers appeared to resist corrosive media. 
 
The growth of  Al2O3 from dimethylaluminium chloride and water was examined in 
situ. The QMS results indicated that –Me and –Cl ligands are released during both 
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precursor pulses. It is evident that the growth proceeds via more than one of the 
suggested reactions occurring simultaneously. 
 
The ALD process TiCl4 – D2O appeared to take place via –OD to –O–TiClx and –Cl 
to –OD surface exchange reactions, as had been suggested earlier. The number of –
OD groups reacting during the TiCl4 pulse decreased with increasing deposition 
temperature, which indicates that the surface dehydroxylates at elevated temperatures. 
Other volatile reaction by-products apart from DCl, for example TiOxCly, were not 
observed with QMS, which means they were not formed or the amount was too small, 
or their lifetime was too short to be detected. 
 
ZrO2 films were deposited from H2O and new aminoalkoxide Zr precursors,  
Zr(dmae)4, Zr(dmae)2(OtBu)2, Zr(dmae)2(OiPr)2. The processes were not pure ALD as 
no saturation of the surface was achieved due to decomposition of the aminoalkoxide 
compounds. Most likely for the same reason the obtained films contained significant 
amounts of residual hydrogen and carbon. The decomposition was seen clearly in the 
QCM results at high temperatures and with long Zr precursor pulses. 
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Appendix A 
 
Reaction mechanism suggestions for Me2AlCl — D2O ALD process 
 
n nCH3 nCl Reactions m0/m1 
0 0 0  
Me2AlCl (g) → Me2AlCl (s) 
Me2AlCl (s) + 1.5 D2O (g) →  
                                        –AlO1.5 (s) + 2 CH3D (g) + DCl (g) 
 
 
0.55 
1 1 0  
–OD (s) + Me2AlCl (g) → –O–AlMeCl (s) + CH3D (g) 
–O–AlMeCl (s) + 1.5 D2O (g) →  
                                 (–O–)1.5AlOD (s) + CH3D (g) + DCl (g) 
 
 
0.68 
1 0 1  
–OD (s) + Me2AlCl (g) → –O–AlMe2 (s) + DCl (g) 
–O–AlMe2 (s) + 1.5 D2O (g) →  
                                              (–O–)1.5AlOD (s) + 2 CH3D (g) 
 
 
0.93 
2 1 1  
2 –OD (s) + Me2AlCl (g) →  
                               (–O–)2AlMe (s) + CH3D (g) + DCl (g) 
(–O–)2AlMe (s) + 1.5 D2O (g) →  
                                             (–O–)1.5Al(OD)2 (s) + CH3D (g) 
 
 
1.34 
2 2 0  
2 –OD (s) + Me2AlCl (g) → (–O–)2AlCl (s) + 2 CH3D (g) 
(–O–)2AlCl (s) + 1.5 D2O (g) →  (–O–)1.5Al(OD)2 (s) + DCl (g) 
 
 
0.87 
3 2 1  
3 –OD (s) +  Me2AlCl (g) →  
                                           (–O–)3Al (s) + 2 CH3D (g) + DCl (g) 
(–O–)3AlO (s) + 1.5 D2O (g) →  (–O–)1.5Al(OD)3 (s) 
 
 
2.44 
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Appendix B 
 
Reaction mechanism suggestions for TiCl4 – D2O ALD process 
 
n Reactions m0/m1 
 
0 
 
TiCl4 (g) → TiCl4 (s) 
TiCl4 (s) + 2 D2O (g) → –TiO2 (s) + 4 DCl (g) 
 
 
0.42 
 
1 
 
–OD (s) + TiCl4 (g) → –O–TiCl3 (s) + DCl (g) 
–O–TiCl3 (s) + 2 D2O (g) → (–O–)2Ti(OD) (s) + 3 DCl (g) 
 
 
0.53 
 
2 
 
2 –OD (s) + TiCl4 (g) → (–O–)2TiCl2 (s) + 2 DCl (g) 
(–O–)2TiCl2 (s) + 2 D2O (g) → (–O–)2Ti(OD)2 (s) + 2 DCl (g) 
 
 
0.72 
 
3 
 
3 –OD (s) + TiCl4 (g) → (–O–)3TiCl (s) + 3 DCl (g) 
(–O–)3TiCl (s) + 2 D2O → (–O–)2TiOD (s) + DCl (g) 
 
 
1.12 
 
4 
 
4 –OD (s) + TiCl4 → (–O–)4TiO2 + 4 DCl (g) 
 
 
2.51 
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Appendix C 
 
Reaction mechanism suggestions for Zr(dmae)4 — D2O ALD process. 
 
n Reaction 
 
0 
 
Zr(dmae)4 (g) → Zr(dmae)4 (s) 
Zr(dmae)4 (s) + 2 D2O (g) → ZrO2 (s) + 4 dmaeD (g) 
 
 
1 
 
–OD (s) + Zr(dmae)4 (g) → –O–Zr(dmae)3 (s) + dmaeD (g) 
–O–Zr(dmae)3 (s) + 2 D2O (g) → (–O–)2Zr(OD) (s) + 3 dmaeD (g) 
 
 
2 
 
2 –OD + Zr(dmae)4 (g) →  (–O–)2Zr(dmae)2 (s) + 2 dmaeD (g) 
(–O–)2Zr(dmae)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 dmaeD (g) 
 
 
3 
 
3 –OD (s) + Zr(dmae)4 (g) → (–O–)3Zr(dmae) (s) + 3 dmaeD (g) 
(–O–)3Zr(dmae) (s) + 2 D2O (g) → (–O–)2Zr(OD)3 (s) + dmaeD (g) 
 
 
4 
 
4 –OD (s) + Zr(dmae)4 (g) → (–O–)4Zr–O2 (s) + 4 dmaeD (g) 
(–O–)4Zr–O2 (s) + 2 D2O (g) → (–O–)2Zr(OD)4 (s) 
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Appendix D 
 
Reaction mechanism suggestions for Zr(dmae)2(OtBu)2 — D2O ALD process. 
 
n Reaction 
 
0 
 
Zr(dmae)2(OtBu)2 (g) → Zr(dmae)2(OtBu)2 (s) 
Zr(dmae)2(OtBu)2 (s) + 2 D2O → ZrO2 (s) + 2 dmaeD (g) + 2 ButOD (g) 
 
 
1 
 
–OD (s) + Zr(dmae)2(OtBu)2 (g) → –O–Zr(dmae)2(OtBu) (s) + ButOD (g) 
–O–Zr(dmae)2(OtBu) (s) + 2 D2O (g) → (–O–)2Zr(OD) (s) + 2 dmaeD (g) + ButOD (g) 
 
 
1 
 
–OD (s) + Zr(dmae)2(OtBu)2 (g) → –O–Zr(dmae)(OtBu)2 (s) + dmaeD (g) 
–O–Zr(dmae)(OtBu)2 (s) + 2 D2O (g) → (–O–)2Zr(OD) (s) + dmaeD (g) + 2 ButOD (g) 
 
 
2 
 
2 –OD + Zr(dmae)2(OtBu)2 (g) →  (–O–)2Zr(dmae)2 (s) + 2 ButOD (g) 
(–O–)2Zr(dmae)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 dmaeD (g) 
 
 
2 
 
2 –OD + Zr(dmae)2(OtBu)2 (g) →  (–O–)2Zr(OtBu)2 (s) + 2 dmaeD (g) 
(–O–)2Zr(OtBu)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 ButOD (g) 
 
 
2 
 
2 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)2Zr(dmae)(OtBu) (s) + dmaeD (g) + ButOD (g) 
(–O–)2Zr(dmae)(OtBu) (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + dmaeD (g) + ButOD (g) 
 
 
3 
 
3 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)3Zr(dmae) (s) + dmaeD (g) + 2 ButOD (g) 
(–O–)3Zr(dmae) (s) + 2 D2O (g) → (–O–)2Zr(OD)3 (s) + dmaeD (g) 
 
 
3 
 
3 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)3Zr(dmae) (s) + 2 dmaeD (g) + ButOD (g) 
(–O–)3Zr(OtBu) (s) + 2 D2O (g) → (–O–)2Zr(OD)3 (s) + ButOD (g) 
 
 
4 
 
4 –OD (s) + Zr(dmae)2(OtBu)2 (g) → (–O–)4Zr–O2 (s) + 2 dmaeD (g) + 2 ButOD (g) 
(–O–)4Zr–O2 (s) + 2 D2O (g) → (–O–)2Zr(OD)4 (s) 
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Appendix E 
 
Reaction mechanism suggestions for Zr(dmae)2(OiPr)2 — D2O ALD process. 
 
n Reaction 
 
0 
 
Zr(dmae)2(OiPr)2 (g) → Zr(dmae)2(OiPr)2 (s) 
Zr(dmae)2(OiPr)2 (s) → ZrO2 (s) + 2 PriOD (g) + 2 dmaeD (g) 
 
 
1 
 
–OD (s) + Zr(dmae)2(OiPr)2 (g) → –O–Zr(dmae)2(OiPr) (s) + PriOD 
–O–Zr(dmae)2(OiPr) (s) + 2 D2O (g) → (–O–)2Zr(OD) (s) + 2 dmaeD (g) + PriOD (g) 
 
 
1 
 
–OD (s) + Zr(dmae)2(OiPr)2 (g) → –O–Zr(dmae)(OiPr)2 (s) + dmaeD (g) 
–O–Zr(dmae)(OiPr)2 (s) + 2 D2O (g) → (–O–)2Zr(OD) (s) + dmaeD (g) + 2 PriOD (g) 
 
 
2 
 
2 –OD + Zr(dmae)2(OiPr)2 (g) →  (–O–)2Zr(dmae)2 (s) + 2 PriOD (g) 
(–O–)2Zr(dmae)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 dmaeD (g) 
 
 
2 
 
2 –OD + Zr(dmae)2(OiPr)2 (g) → (–O–)2Zr(OiPr)2 (s) + 2 dmaeD (g) 
(–O–)2Zr(OiPr)2 (s) + 2 D2O (g) → (–O–)2Zr(OD)2 (s) + 2 PriOD (g) 
 
 
2 
 
2 –OD (s) + Zr(dmae)2(OiPr)2 (g) → (–O–)2Zr(dmae)(OiPr) (s) + dmaeD (g) + PriOD (g) 
–O2–Zr(dmae)(OiPr) (s) + 2 D2O (g) → –O2–Zr(OD)2 (s) + dmaeD (g) + DOiPr (g) 
 
 
3 
 
3 –OD (s) + Zr(dmae)2(OiPr)2 (g) → (–O–)3Zr(dmae) (s) + dmaeD (g) + 2 PriOD (g) 
(–O–)3Zr(dmae) (s) + 2 D2O (g) → (–O–)2Zr(OD)3 (s) + dmaeD (g) 
 
 
3 
 
3 –OD (s) + Zr(dmae)2(OiPr)2 (g) → (–O–)3Zr(OiPr) (s) + 2 dmaeD (g) + PriOD (g) 
(–O–)3Zr(OiPr) (s) + 2 D2O (g) → (–O–)2Zr(OD)3 (s) + PriOD (g) 
 
 
4 
 
4 –OD (s) + Zr(dmae)2(OiPr)2 (g) → (–O–)4Zr–O2 (s) + 2 dmaeD (g) + 2 PriOD (g) 
(–O–)4Zr–O2 (s) + 2 D2O (g) → (–O–)2Zr(OD)4 (s) 
 
 
